Local translation in neuronal processes is key to the alteration of synaptic strength that contributes 35 to long term potentiation and learning and memory. Here, we present evidence that astrocytes have 36 ribosomes in their peripheral and perisynaptic processes, and that de novo protein synthesis occurs 37 in the astrocyte periphery. We also developed a new biochemical approach to profile and define a 38 set of candidate transcripts that are locally translated in astrocyte processes, several of which were 39 validated in vivo using in situ hybridization of sparsely labeled cells. Computational analyses 40 indicate that localized translation is both sequence dependent and enriched for particular biological 41 functions. This includes novel pathways such as fatty acid synthesis as well as pathways consistent 42 with known roles for astrocyte processes, such as GABA and glutamate metabolism. Finally, 43 enriched transcripts also include key glial regulators of synaptic refinement, suggesting that local 44 production of astrocyte proteins may support microscale alterations of adjacent synapses.
endfeet(19) (Fig. 1A,B ). As translation requires both large and small subunit, we confirmed 91 peripheral localization of endogenous small ribosomal subunits via immunofluorescence (IF) 92 against Rps16 (Fig. S1 ), indicating the tagged Rpl10a is not simply mislocalized in the Aldh1L1-93 EGFP/Rpl10a mice. We also asked if we could detect tagged ribosomes in perisynaptic PAPs 94 using a recently-developed approach leveraging stochastic optical reconstruction microscopy 95 (STORM), to allow for ultrastructural level resolution compatible with multicolor fluorescent 96 labeling.(20) Astrocyte EGFP/Rpl10a was found within 100 nm of synapses, which are defined by 97 apposition of pre-and post-synaptic markers (Fig. 1C ). This confirms the earlier EM work 98 indicating ribosome-like structures are found in the peripheral processes of astrocytes, and 99 suggests that the EGFP tag might be used for purification of ribosome bound transcripts, if mRNA 100 is indeed present and translating on these ribosomes. 101 Therefore, we next sought to confirm that at least some mRNAs are found in PAPs. We chose to 102 focus on the localization of Slc1a2 (Glt-1) for two reasons: first, Glt-1 protein is highly expressed 103 in PAPs(21) and second, previous colormetric in situ hybridization (ISH) suggested its peripheral 104 localization(22). As both Aqp4 antibody and the pan astrocyte Aldh1L1-EGFP/Rpl10a were work has indicated at least one peripherally localized astrocyte mRNA is present in them(25) and 136 our preliminary RNA sequencing of this fraction suggested substantial contribution of mRNA 137 from non-neuronal cells(data not shown). Here, immunoblot confirmed depletion of nuclear 138 protein LaminB2 and enrichment, as expected, of Psd95 in the SN fraction ( Fig. 4B) . Additionally, 139 we show the fraction contains Ezrin, a constituent of PAPs(26), and astrocytic EGFP/Rpl10a (Fig.   140 4B). Thus, we used this affinity tag to harvest astrocyte ribosomes from the fraction, and performed 141 RNA-seq on the PAP-TRAP sample and three comparison samples (Table S1 ) to identify PAP- 142 enriched transcripts (Fig. 4A ). Our analysis identified 224 transcripts that are significantly 143 enriched on PAP ribosomes (Fig. 4C , Table S2 ), including Slc1a2, and 116 that are 144 depleted('Soma' transcripts, Fig. 4C , Table S3 ). These data establish that PAP-TRAP samples 145 contain a distinct profile of ribosome-bound mRNAs, which includes the significant enrichment 146 of mRNAs for proteins, such as Slc1a2(Glt-1), known to be found in PAPs (Fig. 4D ). 147 Unfortunately, PAPs have no sufficiently distinctive stable structure equivalent to a post-synaptic 148 density that can be used to readily verify their presence in SN fractions by electron microscopy. 149 Therefore, we instead focused on using an independent anatomical method in vivo to validate the 150 novel predications of the PAP-TRAP purification experiment. Using FISH, we successfully 151 confirmed the peripheral localization of several of these new candidates (Cpe, Clu, Glul,and 152 Sparc) ( Fig. 5 ). 153 
PAP-enriched transcripts suggest physiological roles for local translation including
154 modulation of neurotransmitter metabolism. 155 To understand what purpose local translation might serve in astrocytes, we did a pathway analysis 156 to identify consistent biological functions of the PAP enriched transcripts (Fig. 6A ). We found that number(Mertk, Sparc, Thbs4) (28) (29) (30) suggesting that synapse formation and elimination may be 166 mediated in part by local translation of signaling molecules in astrocytes. Importantly, astrocyte 167 soma transcripts have largely non-overlapping GO categories with PAP transcripts and are 168 enriched for transcription regulators and amino acid catabolism ( Fig. S4 ).
169
PAP-enriched transcripts have longer 3'UTRs and are higher expressed than Soma-localized 170 transcripts. 171 For dendritically localized transcripts, as well as the localization of β-actin in fibroblasts, 172 sequence-specific features are commonly found within the 3'UTR that mediate their 173 localization(31-33). Therefore, we asked whether PAP-enriched transcripts contain sequence-174 specific features or characteristics that may mediate localized translation. We found no differences 175 in individual nucleotide or GC content ( Fig. S5 ). However, PAP-enriched transcripts were 176 significantly higher expressed in cortical astrocytes compared to 'Soma' transcripts ( Fig. 6B ). In 177 neurons, locally translated mRNAs, often sequestered by RNA-binding proteins(RBPs) into 178 granules for transport and protection, have significantly longer 3'UTRs(34). This may enable more 179 sequence motifs or secondary structure for binding RBPs. We found that PAP-enriched transcripts 180 are also significantly longer, specifically in their 3'UTRs ( Fig. 6C ). Additionally, RBPs may 181 recognize secondary structure rather than specific sequence. We used the RNA-folding algorithm, 182 ViennaRNA(35), to investigate the stability of transcript 3'UTRs in the PAP and Soma transcripts. 183 Interestingly, we found that PAP-enriched 3'UTRs are predicted to have more stable secondary 184 structures ( Fig 6D) . The greater length and structure suggests that sequences in 3' UTRs may also 185 serve to regulate the localized enrichment of specific mRNAs in PAPs.
186

Discussion
187
Here we provide, to our knowledge, the first evidence of localized translation of specific transcripts 188 in astrocytes. We utilize a novel biochemical method to enrich for ribosome-bound transcripts in 189 PAPs and provide independent in vivo validation of several of the transcripts, confirming the PAP-190 TRAP method is capable of selecting for peripherally enriched astrocyte mRNA. Additionally, 191 we have provided evidence that translation indeed occurs outside of the astrocyte soma, as 192 indicated by labeling of new protein synthesis with a brief pulse with puromycin. With this 193 approach we have confirmed that peripherally localized puromycylated peptides extend to the very 194 distal processes of the astrocyte. 195 Our data also indicate that PAP-enriched candidates have a median higher expression and a 196 significantly longer and more stable 3'UTR than those transcripts not enriched in the PAP. These 197 findings suggest that localization information exists in the 3'UTR, as is the case with many 198 dendritically-localized transcripts(32). Understanding of the mechanisms governing this 199 localization will provide insight to the phenomenon and opportunities to test the physiological 200 relevance of localized translation in astrocytes. Interestingly, we also detected a few neuron-201 derived transcripts in the PAP-localized transcripts (Table S2 ), but we conclude that the removal 202 of these transcripts from the data does not change the overall conclusions of the PAP-localized 203 transcripts ( Fig. S7 , Table S4 ). The possible mechanisms for this signal may reveal interesting 204 biology and are of interest for future study. 205 We also note that our current list of locally translated candidates includes several disease genes, 206 most notably the Alzheimer's associated gene Apoe appears to be robustly enriched in the PAP-207 TRAP sample. Further, at least two transcripts reported to be disrupted using TRAP in astrocytes 208 in Amyotrophic Lateral Sclerosis (ALS) models (Heyl, and Vim)(36), as well as Slc1a2,which is 209 downregulated in the motor cortex of ALS patients(37), are enriched in the PAP-TRAP sample. It 210 is possible that dysregulation of local translation may contribute to disease progression and 211 vulnerability of adjacent neurons. The PAP-TRAP method should be readily adaptable study this 212 possibility in mouse models of neurological disorders. 213 While local translation in neurons has been described for decades, many years later very few 214 studies have been able to address whether or not local translation specifically, rather than local 215 translation more generally had a physiological role. Local translation was first shown to be 216 important in the induction of long term potentiation (LTP), whereby physical separation of the 217 dendritic layer in the hippocampus was sufficient to induce LTP, but translation was required as 218 LTP was blocked by pretreatment with a protein synthesis inhibitor (7). Moreover, mutation of the 219 dendrite-targeting element of CamKIIα resulted in decreased performed in spatial memory tasks 220 such as the Morris Water Maze(38). Though we do not yet have the tools to directly probe the 221 physiological role of astrocyte translation, our pathway analyses provide interesting clues. We Hybridization was performed at 65C overnight in a humid chamber, followed by washes 294 and H2O2 block as described in(42). 295 Detection was performed using Sheep Anti-Dig-POD (Roche #11207733910) followed by Quantification of imaging data. 327 To determine the distribution of translation occurring in the astrocyte, we drew concentric rings 328 around the nucleus with increasing radii of 3μm. We empirically determined that a circle with a 329 radius of 27μm encompasses the entire cell, without approaching another astrocyte's territory. The Table S2 . 390 Soma enriched transcripts were determined by the intersect of: transcripts depleted in SN 391 input/Cortex input (FDR < 0.1, Log2(Fold Change) < 1.5) and transcripts enriched in Cortex TRAP/Cortex Input (FDR < 0.1, Log2(Fold Change) > 1.5). These transcripts are listed in Table   393 S3. Tables legends for S1-S7 29 30
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